ABSTRACT | Early work in the 1970s by Linus Pauling, a twice-honored Nobel laureate, led to his proposal of using high-dose vitamin C to treat cancer patients. Over the past several decades, a number of studies in animal models as well as several small-scale clinical studies have provided substantial support of Linus Pauling's early proposal. Production of reactive oxygen species (ROS) via oxidation of vitamin C appears to be a major underlying event, leading to the selective killing of cancer cells. However, it remains unclear how vitamin C selectively kills cancer cells while sparing normal cells and what the molecular targets of high-dose vitamin C are. In a recent article published in Science (2015 December 11; 350(6266):1391-6. doi: 10.1126/science.aaa5004), Yun et al. reported that vitamin C selectively kills KRAS and BRAF mutant colorectal cancer cells by targeting glyceraldehyde 3-phosphate dehydrogenase (GAPDH) through an ROSdependent mechanism. This work by Yun et al. along with other findings advances our current understanding of the molecular basis of high-dose vitamin C-mediated cancer cell killing, which will likely give an impetus to the continued research efforts aiming to further decipher the novel biochemistry of vitamin C and its unique role in cancer therapy.
OVERVIEW
Vitamin C, also known as ascorbic acid or ascorbate, is a water-soluble molecule synthesized endogenously in animals except humans, monkeys, guinea pigs, and several other animal species [1] . Humans lost this capability as a result of a series of inactivating mutations of the gene encoding gulonolactone oxidase (GULO), a key enzyme in vitamin C biosynthesis. Humans normally acquire vitamin C from dietary sources through a substrate-saturable transporting mechanism (see Section 3). Dietary sources of vitamin C are mainly vegetables and fruits, including brussels sprout, broccoli, cauliflower, bell pepper, chili pepper, lettuce, kale, tomato, citrus fruits (e.g., orange, lemon), strawberry, papaya, kiwifruit, pineapple, and mango, among others. Another source is vitamin C supplement.
Oral vitamin C intake produces plasma concentrations that are tightly controlled; once its oral intake exceeds 200 mg daily, it becomes difficult to further increase the plasma concentrations of vitamin C. The maximal plasma concentration attainable by oral intake of vitamin C has been estimated to be approximately 200 M though the physiological plasma concentrations of vitamin C in healthy humans range from 40 M to 100 M. In contrast, intravenous injection of large doses of vitamin C produces millimolar concentrations of plasma vitamin C [2] . So does intraperitoneal injection of large doses of vitamin C in experimental animals. Under physiological conditions, intracellular levels of vitamin C are in the millimolar range. This is due to selective intracellular accumulation via vitamin C transporting system present in the plasma membrane [3] (see Section 3) .
The high intracellular concentrations of vitamin C in mammalian tissues suggest its essential roles in maintaining physiological homeostasis and proper functions of organs and systems. In this article, we first examine the novel biochemical properties and ROS functions of vitamin C, and then discuss recent research evidence supporting its potential role in cancer therapy, which lays a basis for understanding the most recent discovery of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as a critical molecular target for vitamin C to kill KRAS and BRAF mutant colorectal cancer cells [4] 
REDOX FORMS OF VITAMIN C
Vitamin C may exist in different redox forms depending on the biological conditions. As illustrated in Figure 1 , vitamin C (AscH 2 ) has two ionizable hydroxyl groups. At a physiological pH, vitamin C exists predominantly as a monoanion, i.e., ascorbate monoanion (AscHˉ). AscHˉ acts as a reducing agent and is converted to ascorbate radical (Asc˙ˉ, also known as semidehydroascorbate) after donation of one electron. After losing another electron, Asc˙ˉ is converted to dehydroascorbate (DHA). Asc˙ˉ can be reduced back to AscHˉ. DHA can also be reduced by either one electron to Asc˙ˉ or by two electrons to AscHˉ. The two-electron reduction of DHA to AscHˉ is catalyzed by dehydroascorbate reductase (DHAR) using the reduced form of glutathione (GSH) as the electron donor. It should be noted that if not specified otherwise, the term vitamin C typically refers to the reduced form of vitamin C, i.e., AscH 2 or AscHˉ.
TRANSPORT OF VITAMIN C FROM DIETARY SOURCES INTO CELLS AND SUBCELLULAR ORGANELLES
The highest tissue concentrations of vitamin C are found in the brain and in neuroendocrine tissues especially adrenal gland, which may range from 1 mM to 3 mM (Figure 2) . These concentrations are 15-50 times higher than those in the plasma [5, 6] , pointing FIGURE 1. Redox chemistry of vitamin C and its relationship to glutathione. As illustrated, the 2-electron reduction of DHA to vitamin C is catalyzed by dehydroascorbate reductase (DHAR) with GSH as the electron donor. The oxidized form of glutathione (GSSG) is reduced back to GSH by glutathione reductase (GR) using NADPH as an electron donor.
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to the existence of active transporting mechanisms. Early seminal work by Emmanuel J. Diliberto and coworkers showed that adrenomedullary cells accumulated vitamin C through a saturable and energydependent process and that the newly taken-up vitamin C was also secreted from the cells through specific transporter mechanisms [7] [8] [9] [10] . It is now wellestablished that vitamin C enters and accumulates in neurons and other types of cells via two different transporting systems, as described below.
Sodium-Dependent Vitamin C Transporters
The reduced form of vitamin C is transported into cells via sodium-dependent vitamin C transporters (SVCT1 and SVCT2) (Figure 3) . SVCT1 (the product of the SLC23A1 gene in humans) is mainly expressed in intestinal and renal epithelial cells, where it helps to mediate absorption and re-absorption of the vitamin, respectively. SVCT2 (the product of the SLC23A2 gene in humans) is found in cells of most other tissues, including the brain. Both SVCT1 and SVCT2 mediate high affinity, sodium-and energydependent transport of vitamin C into cells and are essential to establish steep concentration gradients of vitamin C across the plasma membrane [5] . SVCTs, particularly SVCT2, may also transport vitamin C from the cytosol into the mitochondrial matrix [11] .
Transport of Oxidized Vitamin C by Glucose Transporters
There are two classes of glucose transporting machineries involved in glucose homeostasis in the FIGURE 2. Tissue levels of vitamin C. Human red blood cells (RBCs) express a high number of glucose transporter (GLUT1), but have no sodium-dependent vitamin C transporters (see Section 3.1), and the intracellular concentration of vitamin C in these cells is similar to that in the plasma. The concentration of vitamin C in the cerebrospinal fluid is ~5-10 times higher than that in the plasma. Larger arrows indicate the main direction of vitamin C transportation. As shown, vitamin C accumulates in organs and tissues and the high tissue concentrations are due to high intracellular levels of vitamin C, usually in the millimolar range.
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body: (1) the facilitated transporters or uniporters (commonly known as glucose transporters and abbreviated as GLUTs) and (2) the active transporters or symporters, namely, sodium-glucose transporters (SGLTs, also known as Na + /glucose cotransporters or symporters). The energy for active glucose transport is provided by the sodium gradient across the cell membrane, which is maintained by the Na + /K + ATPase (also known as Na + /K + pump) [12] . There are 12 members of the human SGLT gene family, including cotransporters for sugars, anions, vitamins, and short-chain fatty acids. The two most well-known members of SGLT family are SGLT1 and SGLT2, with SGLT1 being expressed in intestinal epithelial and renal proximal tubular cells and SGLT2 expressed predominantly in renal proximal tubular cells. The Na + -electrochemical gradient provided by the Na + /K + ATPase is utilized to transport glucose into cells against its concentration gradient across the luminal membrane of cells lining the small intestine and the proximal tubules of the kidneys. SGLTs are unable to transport either reduced or oxidized forms of vitamin C. In contrast, several GLUTs (see below) are able to transport oxidized vitamin C.
Transport of Oxidized Vitamin C from Extracellular Milieu into Cells
Fourteen GLUT proteins are expressed in the human, and they include transporters for substrates other than glucose, such as fructose, myoinositol, and urate. The primary physiological substrates for at least half of the 14 GLUT proteins are either uncertain or completely unknown. The four wellestablished GLUT isoforms, namely, GLUTs 1-4, have been demonstrated to have distinct regulatory and/or kinetic properties that reflect their specific roles in cellular and whole body glucose homeostasis [13, 14] . Several GLUTs, such as GLUTs 1, 3, and 4, have also been shown to transport the oxidized form of vitamin C (i.e., DHA) from extracellular milieu into cells (Figure 3) .
Interestingly, among all cells, human erythrocytes express the highest level of GLUT1. However, glucose transport actually decreases during human erythropoiesis despite a more than 3-log increase in GLUT1 transcripts. In contrast, GLUT1-mediated transport of DHA is dramatically enhanced during human erythropoiesis. Stomatin, an integral erythrocyte membrane protein, is responsible for regulating the switch from glucose to DHA transport [15] .
Once inside the cells, DHA is reduced to vitamin C via the action of DHAR using GSH as the electron donor (Figure 1) . In this reaction, GSH is oxidized to glutathione disulfide (GSSG), which is in turn reduced to GSH by glutathione reductase (GR) using NADPH as the reducing equivalent. NADPH is produced primarily from the pentose phosphate pathway. Although DHA at physiological levels can be reduced to vitamin C by the DHAR/GSH system without causing significant depletion of GSH, DHAR/GSH-catalyzed reduction of large amounts of DHA may cause GSH depletion and thereby accumulation of reactive oxygen species (ROS). In this context, GSH is a major cellular defense in the detoxification of ROS.
Transport of Oxidized Vitamin C from the Cytosol into the Mitochondrial Matrix
Certain GLUT isoforms are also expressed in the mitochondrial inner membrane. GLUT1 is the most extensively studied GLUT isoform in terms of mediating the transport of DHA into the mitochondrial matrix [16, 17] . Once transported into the matrix, DHA is reduced to vitamin C primarily by the mitochondrial electron transport chain (METC) [18] (Figure 3) . A recent study suggested that GLUT10 might also be expressed in mitochondria participating in transporting DHA from the cytosol into the mitochondrial matrix [19] .
VITAMIN C AS A MULTI-TASKING MOLECULE
Since its isolation from adrenal glands by Albert Szent-Györgyi (1893-1986) in 1928 [20] , vitamin C has gradually gained a reputation of being a multitasking molecule possessing a wide range of distinct biological activities. Of note, Albert Szent-Györgyi won the Nobel Prize in Physiology and Medicine in 1937 for his discoveries of vitamin C and the catalysis of fumaric acid. The multi-tasking activities of vitamin C can be summarized into the following four categories: (1) as a cofactor for various enzymes; (2) as an antioxidant at physiological doses; (3) as a potential pro-oxidant at pharmacological doses; and (4) other emerging novel activities.
ROS

1. Vitamin C as a Cofactor for Various Enzymes
Vitamin C serves as a cofactor for at least 8 enzymes in mammalian species, including humans. The most notable ones are proline hydroxylase and lysine hydroxylase, which are involved in collagen synthesis. The other enzymes for which vitamin C acts as a cofactor are involved in carnitine synthesis, catecholamine synthesis, peptide amidation, and tyrosine metabolism [18] . Due to its critical role in collagen synthesis, deficiency of vitamin C compromises the integrity of blood vessels, leading to scorbutic gums and pinpoint hemorrhage, characteristic manifestations of vitamin C deficiency.
Vitamin C as an Antioxidant
The redox chemical properties of vitamin C are responsible for its antioxidant as well as potential prooxidant activities. As depicted in Figure 1 , the twoelectron reduction of DHA to AscHˉ is catalyzed by DHAR using GSH as the electron donor.This twoelectron reduction reaction brings together two highly prevalent intracellular antioxidant molecules: vitamin C and GSH, both of which are present in millimolar concentrations inside the cells. Indeed, vitamin C and GSH cooperate closely to maintain the redox homeostasis of mammalian cells [21] . In addition, the METC, especially the complex III, may also reduce DHA to AscHˉ [22] . The in vivo significance FIGURE 3. Transport of vitamin C and DHA into cells and mitochondria. As illustrated, in extracellular milieu vitamin C is oxidized to DHA, likely due to the presence of transition metal ions, especially copper ions. DHA is reduced to vitamin C by DHAR in the cytosol, and DHA in the mitochondrial matrix is reduced to vitamin C by the electrons derived from the mitochondrial electron transport chain (METC).
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of this mitochondria-dependent reduction is, however, unclear. As aforementioned, SVCT2 may participate in transporting vitamin C from the cytosol into the mitochondrial matrix. Together, the above findings may help explain the high concentrations of vitamin C in mitochondria and its role in maintaining the redox status of this major ROS-generating organelle. Due to its high instability, DHA, if not rapidly reduced, undergoes hydrolytic ring opening to form 2,3-diketogulonic acid.
In many in vitro systems, vitamin C has been found to scavenge various reactive oxygen and nitrogen species (ROS/RNS), and protect cells from oxidative damage. Vitamin C is able to regenerate -tocopherol and coenzyme Q from -tocopherol radical and coenzyme Q radical, respectively, and thereby playing a role in maintaining the antioxidant activities of -tocopherol and coenzyme Q, two important lipophilic antioxidants in cells. It has recently been demonstrated that vitamin C is also able to reduce 1-Cys peroxiredoxin [23] . Peroxiredoxin is critical for the detoxification of hydrogen peroxide and peroxynitrite. As noted above, vitamin C and GSH cooperate to act as an efficient dual-antioxidant system in mammalian cells [21] .
In addition to the above activities involved in detoxifying ROS/RNS, vitamin C is found to inhibit the expression of NADPH oxidase subunit p47 phox induced by inflammatory insults, thereby decreasing the formation of ROS from this important cellular source [24] . The inducible expression of inducible nitric oxide synthase (iNOS) in septic mice is also inhibited by vitamin C [25] . It is unlikely that vitamin C directly inhibits the enzyme activity of either NADPH oxidase or iNOS. The reduced expression of the above enzymes or enzyme subunits by vitamin C most likely results from its modulation of cellular redox signaling that is involved in the inducible expression of the above two ROS/RNS-generating enzyme systems.
Interestingly, vitamin C also induces heme oxygenase-1 (HO-1), an enzyme with potent antioxidative and anti-inflammatory activities [26] . While the mechanism involved in the induction of HO-1 remains to be determined, it is likely that vitamin C provokes a pro-oxidant state in cells that subsequently activates HO-1 gene expression. Indeed, HO-1 is known as an oxidative stress-responsive gene, and as described next, vitamin C at pharmacological doses behaves as a pro-oxidant.
Vitamin C as a Potential Pro-oxidant
Under certain conditions, such as in the presence of redox active metal ions (especially copper ions), vitamin C may behave as a potent pro-oxidant, giving rise to ROS, damaging DNA, and causing protein glycation. Indeed, increased oxidative DNA damage occurs in individuals consuming a large amount of vitamin C [27] . Vitamin C induces decomposition of lipid hydroperoxide to genotoxins even in the absence of redox active metal ions [28] . In a humanized mouse model, vitamin C is found to mediate chemical aging of lens crystallins via the Maillard reaction [29] . In experimental animals, administration of pharmacological doses of vitamin C causes formation of vitamin C radical and ROS in the extracellular fluid and decreases growth of aggressive tumor xenografts [30] . Pharmacological doses of vitamin C have been employed as a potential therapeutic modality for cancer patients, especially those with advanced cancers [31] [32] [33] (see Section 5 below). The pro-oxidant activity of vitamin C also makes it an effective agent for killing drug-resistant Mycobacterium tuberculosis [34] . Hence, the prooxidant activities of vitamin C may exert either detrimental or beneficial effects dependent on the physiological and pathophysiological conditions.
Other Emerging Novel Activities of Vitamin C
Vitamin C reduces ferric ion to ferrous ion and thus facilitates iron absorption in the duodenum. Recent studies suggest a role for vitamin C in nucleic acid and histone demethylation, as well as proteoglycan deglycanation. Due to its role in hydroxylation reactions, vitamin C participates in downregulating hypoxia-inducible transcription factor-1 (HIF-1). In this regard, proline hydroxylation targets HIF-1 for ubiquitin-mediated degradation [35] . Vitamin C may also play a role in stem cell biology. It enhances the reprogramming efficiency of mouse and human fibroblasts transduced with three (Oct4/Klf4/Sox2) or four (Oct4/Klf4/Sox2/cMyc) factors. It also alleviates cell senescence by p53 repression and may accelerate reprogramming by synergizing with epigenetic regulators [36, 37] . A more recent study has identified a novel function of vitamin C in promoting Tet-mediated generation of 5-hydroxymethylcytosine (5-hmC), suggesting that the availability ROS of vitamin C may have a profound effect on many cellular functions dictated by DNA demethylation and that vitamin C may act as a critical mediator of the interface between the genome and environment [38, 39] . Moreover, vitamin C at pharmacological doses was shown to inhibit angiogenesis, leading to suppression of tumorigenesis in animal models [40, 41] . These atypical effects of vitamin C along with its unique pro-oxidative activities described above may contribute to the ever-increasing biological functions of this old vitamin in health and disease, and provide more opportunities for employing this multi-tasking molecule for disease intervention, including cancer therapy.
VITAMIN C AND CANCER THERAPY
As aforementioned, vitamin C at millimolar concentrations has recently been found to result in marked production of ROS causing selective killing of various types of cancer cells in diverse in vitro and in vivo models [30, 42, 43] . These observations are in line with early clinical studies showing a therapeutic activity of high-dose vitamin C in cancer patients. This section describes the findings related to the utilization of intravenous high-dose vitamin C in the therapeutic intervention of malignancies so as to provide a rationale for continued basic research to understand the molecular basis of vitamin C-based cancer therapy.
Historical Overview and Current Status
Early Clinical Studies by Ewan Cameron and Linus Pauling versus the Trials at the Mayo Clinic
Early studies conducted by Ewan Cameron and Linus Pauling in the 1970s suggested that large doses (10 g/day via intravenous infusion for about 10 days and orally thereafter) of vitamin C were effective in increasing survival and improving quality of life of terminal cancer patients [31, 32] . Similar findings were also reported by clinical trials in Japan [44] . However, subsequent trials on large doses of vitamin C given orally (10 g/day) at the Mayo Clinic did not reach the same conclusion [45, 46] , and the routes of administration (intravenous infusion versus oral intake) may explain the discrepant results. Indeed, as described earlier (Section 1), oral vitamin C intake produces plasma concentrations that are tightly controlled, and the maximal plasma concentration attainable by oral intake of vitamin C has been estiestimated to be ~200 M. In contrast, intravenous administration of pharmacological doses of vitamin C results in millimolar plasma concentrations [2] , and as stated above (Section 4.3), millimolar concentrations of vitamin C have been shown to selectively kill cancer cells via an ROS-dependent mechanism in experimental models.
Recent Clinical Studies
Recently, Sebastian J. Padayatty and coworkers reported three well-documented cases of advanced cancers in which patients had unexpectedly long survival times after receiving high doses of vitamin C via intravenous administration [47] . Although the findings from this study supported a possible therapeutic efficacy of high intravenous doses of vitamin C in cancer, other possibilities could not be excluded to account for the unexpectedly prolonged survival of the patients. A phase I clinical trial reported in 2008 that high-dose intravenous vitamin C (0.4-1.5 g/kg body weight, three times weekly) was welltolerated, but failed to demonstrate an anticancer activity when administered to patients with previously treated advanced malignancies [48] . A clinical study reported in 2014, involving 11 patients with acute myeloid leukemia (AML) excluding acute promyelocytic leukemia (APL), i.e., non-APL AML, reported a limited benefit provided by adding pharmacological doses of vitamin C (1 g/day over 30 min after arsenic trioxide, 5 days a week for 5 weeks) to the standard arsenic trioxide regimen [49] .
A phase I-II clinical trial in 2015, involving 14 patients with advanced cancer receiving standard chemotherapy, reported that high-dose intravenous vitamin C was safe and generally well tolerated. The pre-and post-chemotherapy pharmacokinetic profiles suggested that tissue uptake of vitamin C increased after chemotherapy, with no increase in urinary oxalic acid excretion. Three patients with different types of cancer experienced unexpected transient stable disease, increased energy, and functional improvement after adding the high-dose vitamin C to standard chemotherapy [50] . Although this phase I-II trial along with the other small-scale clinical studies described earlier neither proved nor disproved the value of high-dose vitamin C in cancer therapy, it did ROS provide practical information and indicate a feasible way to evaluate this plausible but unproven therapy, and if carried out in sufficient numbers, simple studies like this one could identify specific clusters of cancer type, chemotherapy regimen, and high-dose vitamin C in which exceptional responses occur frequently enough to justify appropriately focused large-scale clinical trials [50] .
On the other hand, continued efforts aiming to characterize the pharmacokinetic profiles of highdose vitamin C in cancer patients may lead to the development of optimal effective dosage regimens for cancer treatment. In this regard, a phase I clinical trial to evaluate the safety, tolerability, and pharmacokinetics of high-dose intravenous vitamin C in patients with advanced cancer concluded that vitamin C administered intravenously at 1 g/min for 4 consecutive days per week for a total of 4 weeks produced up to 49 mM vitamin C in patients' blood and was well tolerated. As such, the authors of the study recommended a dose of 70-80 g/m² for future clinical studies on vitamin C cancer therapy [51] .
More recently, a pharmacokinetic study of vitamin C in prostate cancer patients suggested that the elimination of vitamin C from the body followed firstorder elimination kinetics throughout the dosing range with supra-physiological concentrations. The target dose of 60 g of intravenous vitamin C produced a peak plasma vitamin C concentration of 20.3 mM. Elimination half-life was 1.87 hr, volume of distribution was 0.19 L/kg, and clearance rate was 6.02 L/hr. Thus the relatively fast first-order elimination with a half-life of about 2 hr made it impossible to maintain vitamin C concentrations in the potentially cancer cell-killing range after infusion stopped in prostate cancer patients with normal kidney function [52] . The study thus proposed a regimen with a bolus loading dose followed by a maintenance infusion based on the calculated clearance to ensure the plasma concentrations of vitamin C was maintained at high (millimolar) concentrations for a prolonged period of time, which might be required for the vitamin to effectively kill cancer cells in the patients [52] . Hence, continued pharmacokinetic studies in cancer patients would enhance our understanding of how high-dose vitamin C behaves in cancer patients. Likewise, mechanistic studies in experimental models will shed more light on the molecular basis of high-dose vitamin C-based cancer therapy as well as guide the clinical research design.
Millimolar Vitamin C Acts as a Pro-Oxidant in Experimental Cancer Models
In the interstitial fluid surrounding tumor cells, millimolar concentrations of vitamin C exert local prooxidant effects by mediating hydrogen peroxide formation in experimental models [30, 42, 43] . More recently, data from experimental models showed that millimolar vitamin C, acting as a pro-oxidant, induced DNA damage and depleted cellular adenosine triphosphate (ATP), activated the ataxia telangiectasia mutated (ATM)/adenosine monophosphateactivated protein kinase (AMPK) pathway, and resulted in mammalian target of rapamycin (mTOR) inhibition and death in ovarian cancer cells. The combination of parenteral vitamin C with the conventional chemotherapeutic agents carboplatin and paclitaxel synergistically inhibited ovarian cancer in mouse models and reduced chemotherapy-associated toxicity in patients with ovarian cancer [53] . Hence, experimental studies have provided strong evidence for an important role of oxidative stress in vitamin Cmediated anticancer activity in animal models [54, 55] . In line with this notion, use of ROS-inducing agents other than vitamin C for cancer treatment has also received much attention in recent years [56] . However, a fundamental question remains: what makes vitamin C selectively toxic to cancer cells? The elegant work by Yun et al. [4] suggests that DHA is the pharmaceutically active agent of highdose vitamin C therapy that induces oxidative stress, and that the selective toxicity of vitamin C to tumor cells stems from high GLUT1 expression combined with KRAS or BRAF oncogene-induced glycolytic addiction. This addiction leads to an energetic crisis and cell death upon inhibition of GAPDH by DHAinduced oxidative stress.
Discovery of the "DHA-GLUT1-ROS-GAPDH" Machinery in Vitamin C-Induced Cancer Cell Killing
Over 50% of human colorectal cancers carry either KRAS or BRAF mutations and are often refractory to epidermal growth factor receptor-targeting drugs. In their recent article published in Science [4] , Yun et al. reported that cultured human colorectal cancer cells harboring KRAS or BRAF mutations were selectively killed when exposed to high concentrations (1-2 mM) of vitamin C. They showed that this selec-ROS tivity was due to increased uptake of DHA via GLUT1 which is overexpressed in the cancer cells. Increased DHA uptake and the subsequent intracellular reduction by DHAR led to GSH depletion and thereby accumulation of ROS (Figure 1) . The resulting oxidative stress led to inhibition of GAPDH in the highly glycolytic KRAS or BRAF mutant cells, causing an energetic crisis and cell death not seen in KRAS and BRAF wild-type cells [4] . Importantly, this novel mechanism of action operated also in in vivo animal models [4] .
Uptake of DHA via GLUT1
Given that GLUT1 levels in KRAS and BRAF mutant cells are elevated, Yun et al. hypothesized that the increase in DHA uptake could disrupt redox homeostasis and compromise cellular viability. To test this hypothesis, Yun et al. used a panel of isogenic colorectal cancer cell lines harboring wild-type or mutant alleles of KRAS (HCT116 and DLD1) or BRAF (VACO432 and RKO). They first observed that in culture media, vitamin C was oxidized to DHA with a half-life of ~70 min, and this oxidation could be prevented by adding GSH to the culture media [4] . Oxidation of vitamin C in phosphatebuffered saline (PBS) or culture media has been well-documented in the literature [57] . It has long been demonstrated that trace amounts of transition metal ions, especially copper ions, present in PBS or culture media catalyzes the oxidation of vitamin C to produce DHA and ROS [58] . Prevention of vitamin C oxidation in culture media by adding GSH could be due to the chelation of transition metals ions, especially copper ions by GSH. In this regard, GSH binds copper ions preventing copper ion-mediated redox reactions [59] .
By using 14 C]-vitamin C uptake was significantly decreased in both HCT116 and VACO432 cells treated with a GLUT1-specific inhibitor, STF31, and in GLUT1-knockout cells. Glucose also competed with DHA for uptake in the colorectal cancer cells. These results led Yun et al. to conclude that the colorectal cancer cells preferentially import DHA, rather than vitamin C, and that this uptake is mediated by GLUT1 [4] . Indeed, as discussed earlier in Section 3.2, GLUT1 is the best characterized GLUT isoform for mediating the transport of DHA from extracellular milieu into the cytosol as well as that from the cytosol into the mitochondrial matrix.
Given the increased expression of GLUT1 in the mutant cells, Yun et al. next determined whether KRAS or BRAF mutations influenced vitamin C uptake. They observed that the mutant lines took up significantly more [
14 C]-vitamin C than did their wild-type counterparts. Moreover, they found KRAS and BRAF mutant cells imported DHA faster than they did [
14 C]-vitamin C, consistent with the observation that vitamin C must first be oxidized to DHA to enter cells through GLUT1. These results led to the conclusion that GLUT1 is the primary means of vitamin C uptake in the colorectal cancer cells and that elevated GLUT1 expression in KRAS or BRAF mutant cells drives increased DHA uptake [4] .
Selective Toxicity of Vitamin C to Cells with Mutant KRAS or BRAF Alleles
In view of the augmented uptake of DHA by the mutant lines, Yun et al. then determined if the increased uptake of DHA in KRAS and BRAF mutant cells could affect their survival and growth. They observed that 24 to 48 hr of vitamin C treatment inhibited KRAS and BRAF mutant cell growth and colony formation, but with reduced effects on their wild-type counterparts. They further showed that vitamin C could selectively kill the KRAS and BRAF mutant cells even in the presence of physiological concentrations (5-10 mM) of glucose. In line with the effect of GSH on oxidation of vitamin C to DHA, they found that vitamin C-mediated cancer cell killing was prevented in the presence of exogenously added GSH [4] .
Dependence of Vitamin C Toxicity on both High GLUT1 Expression and Glycolytic Addiction
The next question asked by Yun et al. was: could accumulation of high-level of DHA alone be enough for causing cancer cell death? To answer this question, Yun et al. determined if vitamin C was also cytotoxic to colorectal cancer cells with mutations of oncogenes other than KRAS or BRAF, and in widetype cells overexpressing GLUT1. Unlike KRAS or BRAF, they found that the PIK3CA (another frequently mutated oncogene) genotype did not exhibit ROS augmented sensitivity to vitamin C-mediated cytotoxicity. Importantly, Yun et al. found that although overexpression of GLUT1 in wild-type cells increased vitamin C uptake, it did not sensitize wildtype cells to vitamin C-mediated cytotoxicity. Together, these findings suggested that high GLUT1 expression alone, without oncogene-induced metabolic reprogramming (i.e., glycolytic addiction), is not sufficient to make cells susceptible to vitamin Cinduced cytotoxicity [4] . To directly test the impact of Kras mutation on the sensitivity of tumors to high-dose vitamin C treatment, Yun et al. generated a transgenic model of intestinal cancer, driven by either Apc mutation, or combined Apc and Kras (G12D) mutations. They elegantly demonstrated that whereas Apc flox/flox mice showed no difference in polyp burden after vitamin C treatment, Apc flox/flox /Kras G12D mice had significantly fewer and smaller small intestine polyps, confirming that vitamin C selectively affected Kras mutant tumors. Consistent with the in vitro experiments in the colorectal cancer cell lines, they found that tumors from Apc flox/flox /Kras G12D mice showed higher GLUT1 expression and greater vitamin C uptake than did tumors from Apc flox/flox mice [4] . Collectively, these findings by Yun et al. indicate that the same high-dose vitamin C-dependent cancer cell killing machinery also operates in animal models.
Clinical research on high-dose vitamin C therapy in colorectal cancer patients with KRAS mutations is warranted. In this context, a recent study reported a decrease in serum level of Ras protein in cancer patients following high-dose vitamin C treatment [60] .
GAPDH as a Molecular Target in Vitamin CInduced Cancer Cell Killing
Yun et al. then carried out metabolomics studies and found that vitamin C treatment led to inhibition of GAPDH in the KRAS and BRAF mutant cells [4] . They observed that vitamin C caused GSH depletion and ROS accumulation in the mutant lines,which might be responsible for GAPDH inhibition. Considering the dependence of cancer cells with KRAS or BRAF mutations on glycolysis for energy production and survival, Yun et al. next determined if inhibition of GAPDH, an important enzyme in glycolysis, by vitamin C caused energy crisis in the mutant cells [4] . They found that vitamin C treatment caused a rapid decrease in the glycolytic rate in KRAS and BRAF mutant cells, but not in the wild-type cells. Consequently, they found that vitamin C induced a significant drop in ATP levels, with a concomitant increase in AMP levels and activation of AMPK in the KRAS and BRAF mutant cells. The study then demonstrated that the above effects and cell death in the mutant lines were blocked by N-acetylcysteine [4] , an antioxidant compound that increases cellular GSH [61] , suggesting an oxidative stress mechanism underlying vitamin C-dependent cytotoxicity to the mutant colorectal cancer cells. Notably, Yun et al. showed that supplementing drinking water with Nacetylcysteine over the course of vitamin C treatment abolished the ability of vitamin C to reduce xenograft growth of KRAS mutant cells [4] , suggesting that the aforementioned oxidative machinery also operates in vivo.
Vitamin C-Induced S-Glutathionylation of GAPDH
GAPDH is one of the most prominent cellular targets of oxidative modifications when ROS/RNS are formed during metabolism and under stress conditions, and the Cys152 in the active site of the enzyme is subject to redox modifications, leading to enzyme inactivation [62, 63] . Via immunoprecipitating endogenous GAPDH and blotting with an antibody that ROS recognizes S-glutathionylation under nonreducing conditions, Yun et al. observed that vitamin C treatment caused 2-4-fold increases in the GAPDH Sglutathionylation levels in both KRAS and BRAF mutant lines [4] . Protein S-glutathionylation, the reversible formation of mixed disulfides between glutathione and low-pKa cysteinyl residues, not only is a cellular response to mild oxidative/nitrosative stress, but also occurs under basal (physiological) conditions, and likely participates in redox signaling [64] . The increased GAPDH S-glutathionylation levels in vitamin C-treated KRAS and BRAF mutant cells demonstrated by Yun et al. suggested oxidative modifications of GAPDH. Importantly, direct measurement of the GAPDH activity in lysates of vitamin C treated KRAS and BRAF mutant cells by Yun et al. revealed a significant inhibition (by 50%) of GAPDH and co-treatment with N-acetylcysteine blocked the inhibition [4] . It remained unclear if vitamin C-induced inhibition of GAPDH occurred exclusively due to S-glutathionylation. In this regard, multiple studies suggested that S-glutathionylation of GAPDH led to enzyme inhibition [62, 63] . On the other hand, some other studies using purified human GAPDH and [ 35 S]-labelled GSSG showed that Sglutathionylation of GAPDH did not result in inactivation of the enzyme. Rather, the direct oxidation of GAPDH with hydrogen peroxide was responsible for inhibition of the catalytic activity of the enzyme [65] .
Vitamin C-Induced NAD + Depletion
The metabolomics studies by Yun et al. revealed a 19-fold increase in the accumulation of GAPDH sub-FIGURE 4. Schematic illustration of the molecular and cellular pathways involved in high-dose vitamin C-mediated selective cytotoxicity to cancer cells that both overexpress GLUT1 and have become addicted to glycolysis for energy production. GAP and BPG denote glyceraldehyde 3-phosphate and 1,3-bisphosphoglycerate, respectively. This scheme is based on Ref. [4] .
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strate glyceraldehyde-3-phosphate (GAP) in vitamin C-treated mutant cells [4] . This led Yun et al. to examine the changes in the levels of NAD + , the substrate for GAPDH to catalyze the oxidation of GAP to form 1,2-bisphosphoglycerate (BPG) (Figure 4) . Indeed, they found that vitamin C treatment resulted in NAD + depletion. They also showed that vitamin C treatment caused activation of poly(ADP-ribose) polymerase (PARP) likely through oxidative DNA damage. This 
The Big Picture and Implications of the Study by Yun et al.
The elegant study by Yun et al. [4] depicted an important big picture for high-dose vitamin C to selectively kill cancer cells while sparing normal cells (Figure 4) . Two critical factors/conditions seem to determine this selectivity of vitamin C-mediated cancer cell killing: (1) the selective accumulation of DHA in cancer cells via a GLUT1-dependent transport mechanism, leading to intracellular GSH depletion and ROS accumulation, and (2) ROSmediate inhibition of the glycolytic enzyme GAPDH in the background of oncogene-induced metabolic reprogramming (i.e., dependence on glycolysis for survival), resulting in ATP depletion and cell death. The KRAS and BRAF mutant colorectal cancer cells possess the above 2 critical factors and thereby show high susceptibility to high-dose vitamin C-mediated cytotoxicity. It can be further speculated that other types of cancer cells that meet the above 2 conditions would likely be also selectively killed by high-dose vitamin C. Hence, studies are warranted to determine if this unified machinery of "DHA-GLUT1-ROS-GAPDH" found by Yun et al. also operates in other types of cancer cells harboring mutations in oncogenes other than KRAS and BRAF. Since cancer cells typically exhibit altered status of ROS homeostasis and susceptibility to oxidative stress, future studies are also needed to understand how the intrinsic ROS generating and detoxifying systems in cancer cells impact the high-dose vitamin C-dependent tumoricidal activity. Moreover, continued efforts aiming to decipher the molecular basis of other ROSinducing agents in cancer therapy will likely expand the paradigm of ROS biology and medicine [56, 66] .
